Abstract-This paper presents a mixed integer linear program based model to optimize smart community energy systems, based upon physical models of buildings, energy storage, and energy conversion devices. Using a level-of-aggregation approach, the model can accommodate different price components at the relevant aggregation level. Community energy systems with various characteristics have been assessed considering different objectives (i.e., energy minimization, cost minimization and electricity self-sufficiency). Community behavior and economic performance are assessed to demonstrate the impact of different operation objectives and energy storage options on network constraints and economics.
Dramatic solar photovoltaic (PV) uptake has been experienced due to the substantial PV panel price drop [1] and the increase of the grid electricity prices in recent years. As a distributed renewable energy source (RES), home PV units have numerous advantages in terms of reducing greenhouse emissions, improving energy efficiency by reducing transmission and distribution network losses, and providing economic benefit to consumers. However, associated problems for network operators are likely to increase [2] , [3] . In particular, the tendency of distributed PV to cluster geographically [4] will result in capacity problems, i.e., the local network struggling to accommodate export of surplus electricity from PV generation. Additionally, high penetration of PV might also increase network voltage and thermal problems [2] . On the other hand, the spread of distributed PV is also motivating interests from consumers and communities who wish to become "independent" of the grid [5] , i.e., minimizing, ideally eliminating, the import and export of electricity from the grid to achieve self-sufficiency, especially in those rural areas where the grid operation, maintenance, and expansion are particularly expensive. However, that might increase the network charge per energy unit to the remaining customers, which is the grid costs distributed over connected customers [5] , or may motivate the levying of generation network charges on distributed generation (such as PV) to pay for network enhancements necessary to deal with significant reverse flows.
Energy storage, of electricity or some derivative product such as hot water or building thermal inertia [6] , provides an opportunity to deal with network problems without expensive reinforcement [7] , [8] . Although battery energy storage (BES) could play an essential role in integrating home PV by providing flexibility to avoid expensive network reinforcement (possibly generating revenue for the battery owner), its high investment costs have prevented it from being commonly used. Various studies of integrating PV using BES commonly express confusion on the degree to which various objectives (e.g., electricity self-sufficiency, energy minimization, and cost minimization) are equivalent. In particular the opportunity afforded by exposure to wholesale-level prices is often neglected.
Addressing the issues described above, and drawing on previous work [6] , [9] , this paper presents a community energy optimization model, considering space heating/cooling, domestic hot water (DHW), non-heating electricity demand, PV generation, and BES. Various case studies (for different types of buildings/communities) are presented to demonstrate how the model can be used to assess the capability of communities with BES to ameliorate capacity constraints under different objectives. The business case for each case will be assessed via a Cost Benefit Analysis (CBA). Subsequently, the effect of different price signals (e.g., wholesale electricity price and Use-of-System (UoS) fees) on communities' operation and economic performance are assessed. The comparative economic performance of different objectives will reveal the cost of true energy independence for the consumer, as well as the cost of storage and demand response as a substitution for network reinforcement for the network operator.
II. MODEL FORMULATION
This study employs a mixed integer linear programming (MILP) approach to model communities where buildings use heating, ventilation and air-condition (HVAC) units for the provision of space heating and cooling, and electric boiler (EB) for DHW. The presented formulation allows the modelling of HVAC, EB, PV and BES at location level. In order to charge different electricity price components at the relevant level, energy demand and consumption profiles of each location are aggregated to a grid connection point (GCP) and virtual power plant (VPP) [6] , [9] , [10] . The following sections detail the energy resources modelling and different objective functions.
A. Resources modelling 1) Heating and cooling unit operating limits
Constraints (1) and (2) illustrate the operation limits of EB and HVAC at each location respectively. Constraint (3) ensures that HVAC units do not provide heating and cooling at the same time. EB heating is set to meet DHW demand by using (4).
, = , (4) For all = 0 to , = 1 to
2) Storage operating limits
Constraint (5) ensures that the BES energy content is within the capacity limit. Constraints (6)- (7) ensure that the charging and discharging rate of BES is within the given range. Constraint (8) is set to make sure that at each location, BES does not charge and discharge at the same time.
Equation (9) ensures that the energy level of BES, and building at the initial time step are equal to the last time-step, which guarantees that the results are not distorted.
For all = 1 to
4) Building thermal comfort limits
The building temperature at each location is set to be equal to the set temperature whenever the occupant is active.
For all = 1 to , = 1 to
5) BES system equation
The energy content of BES at each location is determined by the BES energy content and BES charging/discharging power at the previous time-step:
For all = 1 to , = 1 to 6) Building system equations The temperature of each building is defined in (12) , which is determined by the building temperature, heat losses to the outdoor environment, space heating/cooling load in the previous time-step, and the metabolic and solar heat gains. Constraint (13) takes into consideration natural occupant cooling behavior (i.e., opening the window and operating the blinds). In (13) , and are binary parameters. is 1 in the winter, allowing heat gains to be vented through window opening. is 1 in the summer, allowing solar heat gains (up to the value of the blind exclusion efficiency ) to be blocked.
B. Energy balance 1) Resource-location energy balance
The electricity consumption and generation from the base load, EB, HVAC, PV, and BES are summed up at each location using (14). Constraint (15) ensures that the location does not import and export electricity at the same time. 
, ≤ , , , ≤ 1 − , , , , , ≥ 0 (15) For all = 1 to , = 1 to 2) Location-GCP energy balance Equation (16) aggregates the electricity import and export from each location to GCP level, so as to apply the UoS charges. The electricity import and export are ensured not to happen at the same time using (17).
, ≤ , , , ≤ 1 − , , , , , ≥ 0 (17) For all = 1 to , = 1 to
3) GCP energy balance
The import and export electricity at GCP level are aggregated at VPP level using (18) . Only net value is utilized here as the VPP level is only relevant to system level markets where UoS charges are not applicable.
For all = 1 to , = 1 to , = 1 to
C. Objectives
The objective functions of simulation, based on daily profiles with half-hour resolution, are presented below:
1) A: Energy minimization
The first objective function aims to minimize the total energy consumption, and is given by:
2) B: Cost minimisation
The second option is to minimize the cost to maximize net benefit, which is given by:
) C: Electricity self-sufficiency
The objective function of electricity self-sufficiency seeks to minimize the import and export electricity at each time step:
III. CASE STUDY
The employed model is demonstrated through case studies of a residential and a commercial community in the context of Victoria (VIC), Australia. Different scenarios are created based on various technology options (i.e., PV and BES). Each case is optimized under three objectives, i.e., energy minimization, cost minimization, and electricity self-sufficiency. Moreover, to understand the effect of cost optimization given various price signals, five scenarios relating to different energy price components are analyzed.
The annual community revenues are the aggregations of the simulation results of eight typical days, which are composed of summer/shoulder/winter weekday/weekend, a peak summer day with greatest solar insolation, and a peak winter day with the coldest weather without solar insolation. The different studied cases are presented below.
A. Community description and network limit
The assessed residential community contains 50 wellinsulated terraced houses, while the commercial community contains 30 retail shops. For each dwelling, DHW demand, non-heating electricity demand, occupancy profiles and dwelling thermal characteristics are randomly generated based on UK parameters [11] , [12] . Based on observed UK data [13] and occupancy, the building set temperatures are 21 °C and 20 °C for terraced house and retail respectively. The HVAC is sized to meet space heating/cooling demands to ensure thermal comfort, whilst the EB is sized to meet DHW demand. The blind exclusion efficiency is set to 0.47 [14] .
Based on the assumptions indicated above the network limit is determined according to the maximum energy demand for each community without PV and BES installations. Thus, the network limits are sized to 154.89 kVA and 123.56 kVA for residential and commercial communities respectively.
B. Technology options
Three technology options are considered in the case study, as shown in Table I . Neither PV nor BES is installed in base case α. For β, a 4.125 kW PV is added to each terraced house whilst a 5.5 kW PV is added to each retail shop, where the PV is sized based on the maximum community export power that can be accommodated by the network limit. For case γ, a 4.8 kW PV is added to each terraced house and a 7.5 kW PV is added to each retail. That will cause a maximum export power which exceeds the network limit by 20% without any flexibility options. The BES is then sized to enable the maximum community power to remain below an acceptable level. The energy prices are broken down into component parts, each being applied at the appropriate aggregation level (i.e., commercial, GCP, and premises) [15] . All components are applicable to import electricity. The communities are paid for export electricity, while the DUoS credit might be received, depending on the specific tariff [16] . Based on the various electricity-related prices components in VIC context, five price signal studies are defined and illustrated in Table III.   TABLE III. PRICE SIGNALSTUDYS  Price signals  Description  1  Retail prices  2  Wholesale electricity prices  3  TUoS  4  DUoS and JUoS  5 All price signals
In each study, the price signal relating to different electricity cost components is set to be visible. In option 1, the retail prices refer to the flat prices for electricity across the year, i.e., 0.25 $/kWh for import and 0.05 $/kWh for export [16] 
D. Objectives
The proposed communities with different technologies and various prices components are modelled under three different objectives, and are listed in Table IV.   TABLE IV. OBJECTIVE FUNCTIONS Objectives Description A Energy minimization B Cost minimization C Electricity self-sufficiency
IV. RESULTS
In this section, the community behavior of different cases is presented first. Subsequently, the community cash flows and discounted payback period are demonstrated. Fig. 2 illustrates the community behavior of residential and commercial communities on a peak summer day. It can be seen that the operational profiles for the same technology option under different objectives are distinctive.
A. Community behavior
For both communities, under cost minimization objective, the operation of BES changes significantly when shift from applying retail price signal (B/γ/1) to all price signals (B/γ/5), as so to avoid higher priced imports and to increase higher priced export. However, both cases stress the network during the daytime by exporting surplus PV generation. That may be acceptable, as the community can operate above their nominal capacities for a limited duration. The network constraint has been significantly ameliorated under electricity self-efficiency objective. In that case, HVAC demand is notably increased during the day to soak the PV generation. As a consequence, more electricity is consumed compared to cost minimization solutions, which leads to less economic benefit with regards to operational revenue.
B. Cost
Fig . 3 demonstrates the changes in operational revenue of residential community in different cases comparing to the base case A/α, and the discounted payback periods of PV and BES investment. Cost minimization objective brings more net flow benefits compared to others. Although less electricity is consumed under energy minimization, there is no optimization in the operation of the flexible devices, which leads to less economic benefits. The electricity self-sufficiency objective tends to consume more electricity to soak PV generation to minimize net export/import, which leads to a conclusion that electricity self-sufficiency is not the best economic solution. The payback period is calculated based on today's PV and BES prices [17] and a discount rate of 4.2% [18] . Although both β and γ can bring great increases in revenue, the discounted payback period of case γ is much longer than case β. For instance, the payback period is 9 years for case B/γ, whilst is 3.4 years for case B/β. This could for example hint at the potential need for support from the Distribution Network Operator (DNO) towards BES investment costs, given the avoidance in network reinforcement which they benefit from. 4 illustrates the effect of the price signals on the residential community operation revenue changes of PV and BES case (γ). It can be seen that among all the savings, DUoS&JUoS fees bring the most significant benefit to the net flow by reducing the costs (to the community) of importing electricity 1 , due to its most remarkable differential. Meanwhile, except ESO&GST fees, all price components share a similar trade, i.e., the period of high wholesale electricity prices correspond to high TUoS and DUoS&JUoS fees. Thus, optimization on one relevant price signal will lead to benefits gained from others. This paper has demonstrated a community optimization model which considers multi-energy demand and is able to model different energy resources and flexible devices such as PV, EB, HVAC, and BES. Using a storage sizing approach for aims of energy independence and network reinforcement avoidance, two communities with various technology options are modelled under different objectives, while applying five different price signals. The case study is used to demonstrate how those different options can ameliorate/stress the network constraints as well as the cost benefits that can be gained. It can be concluded that although the network constraints can be substantially ameliorated under electricity self-sufficiency objective, it is not the best economic option compared to cost minimization solutions. Under cost minimization objective, applying price signals can reduce the operation costs by optimizing the operation of flexible energy devices. However, the network constraints are stressed compared to using flat retail prices. Meanwhile, although installing PV and BES can bring revenue to the community, the payback period of the investment costs of installing both PV and BES are comparably higher than the PV installation case, which makes this option less attractive without payments from DNO.
Future work will demonstrate the benefits of different network aggregations and commercial options using CBA, network constraints and energy independence metrics.
